Bacterial contamination remains a leading factor for transfusion-associated serious morbidity and mortality. Pathogen reduction procedures offer a pro-active approach to prevent bacterial contamination of cellular blood components and especially of platelet concentrates. In the past, the laboratory evaluation of the effectiveness of the pathogen reduction procedures to minimise the bacterial load of blood components has been primarily based on log reduction assays similar to the assessment of antiviral activities. Bacteria strains with the ability to multiply in the blood components are seeded in highest possible cell numbers, the pathogen reduction procedure is applied, and the post-treatment number of bacteria is measured. The effectiveness of the procedure is characterised by calculating the log reduction of the post-to pre-treatment bacteria titres. More recently, protocols have been developed for experiments starting with a low bacteria load and monitoring the sterility of the blood component during the entire storage period of the blood component. Results for 3 different pathogen reduction technologies in these experimental models are compared and critical determinants for the results are addressed. The heterogeneity of results observed for different strains suggests that the introduction of international transfusion-relevant bacterial reference strains may facilitate the validity of findings in pathogen reduction experiments. 
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Schlüsselwörter
The other extreme is represented by continuous growth of the bacteria present in the component (growth pattern B in fig. 1 ). Adequate conditions for the continuous propagation of micro-organisms with a relatively short duplication rate (<1 h to few hours) can easily result in exponential growth of the bacteria. In this scenario of rapid growth, a relatively low initial load of bacteria (<20 bacteria/component [34] ) suffices to accumulate substantial numbers of bacteria in the product during storage which is associated with life-threatening complications for the transfusion. This scenario does explain the limitation of bacterial screening of blood components by early sampling, i.e. 24 h or less post-preparation [14, 34] . A low initial load of bacteria may easily escape the detection ('sampling error'). It does, however, not exclude that the few bacteria can grow to meaningful numbers. False-negative results for early sampling procedures implemented for bacterial screening of platelet concentrates have reproducibly been reported.
A third scenario has been occasionally observed: the contaminating bacteria are not killed as described under scenario A but remain in the blood component without any proliferation (growth pattern C in fig. 1 ). This observation is scientifically still not understood. Metabolic restrictions of typical environmental bacteria in the complex matrix of a platelet concentrate are the most likely explanation of that effect (e.g., missing of the so-called iron deficiency resistance, i.e., the bacteria are not able to utilise the strongly bound iron molecules in human plasma). Bacteria with such a growth pattern also account for false-negative results with early sampling.
The basic patterns of bacterial growth help to understand general factors which complicate the assessment of the effectiveness of pathogen reduction for bacteria. Measurements of Platelet concentrates contaminated with bacteria can transmit the pathogens to the recipients. Diverse measures, including optimisation of skin disinfection methods [1] [2] [3] [4] [5] [6] , introduction of pre-donation sampling [6] [7] [8] and screening methods [7, [9] [10] [11] [12] [13] [14] [15] [16] [17] , have been implemented with tremendous efforts and resources in the past years to reduce the risk of bacterial infection and sepsis. Nevertheless, the risk of bacterial infections due to platelet transfusions and red blood cell transfusions remains an important or even the leading cause of severe morbidity and mortality in transfusion medicine [18] [19] [20] . Fresh-frozen plasma, handled in the appropriate ways and despite reports of a substantial rate of positive findings in sterility testing [21] , however, appears not to be a relevant vehicle for bacteria transmission [22] as bacteria are not able to proliferate during deep-frozen storage.
Pathogen reduction technologies introduce an universal approach [23] [24] [25] [26] to substantially reduce the residual risk of bacterial contamination. The different procedures for pathogen reduction of blood components have been summarised in detail [27] [28] [29] [30] [31] [32] [33] . The purpose of this review is to address pivotal issues in the assessment of the effectiveness of pathogen inactivation procedures for the reduction of bacterial contaminations.
Specific Threats of Bacteria as Contaminations of Blood Components
A fundamental difference between viruses and bacteria as contaminants of blood components is the ability of bacteria to multiply during the preparation and storage of the blood component.
In principle, three different settings characterise the growth behaviour of bacteria in blood components as outlined in figure 1 by displaying the bacterial load on a logarithmic scale as a function of the duration of storage.
It is very likely that low numbers of bacteria may initially be present in most blood-derived preparations. Non-specific host defence mechanisms including complement activation in the presence of plasma or phagocytosis by leucocytes after opsonisation have the power to eliminate or inactivate the bacteria and thus 'sterilise' the blood component. The latter effect depends on the contaminating bacterial strain, i.e. only those strains can be eliminated by mechanisms of innate immunity which are not armed by certain virulence markers (e.g. phagocytosis resistance and resistance towards complement killing). It is tempting to speculate that in addition specific immune mechanisms, as for example circulating antibodies from previous exposure to bacteria, are able to enhance this process of 'self-sterilisation' of the blood component even in case of pathogenic bacteria. If care is taken to avoid any contamination during the further processing and handling of the component on its way to the recipient, the product will be free of bacteria and any risk of transfusion-transmitted bacterial infection. Qualitative and quantitative studies of the mecha- Bacteria of a specific strain are seeded from a culture stock usually in the stationary phase into the platelet concentrate or other blood components. After adequate mixing, a sample is withdrawn to determine the initial bacterial titre. The pathogen reduction procedure is applied. Samples are drawn after pre-defined periods of illumination to determine the bacterial titres.
Serially diluted aliquots of the samples are finally evaluated in plate assays for enumeration of the colonies. The detection limit of these assays usually varies from 0.1 to 10 CFU/ml. The maximally achievable initial load of bacteria in the blood component and the detection limit of the plate assays define the upper limit for the log reductions to be observed. This upper limit can be as low as 4 log reduction steps. Procedures have thus been implemented to enhance the sensitivity of the bacterial titre determinations by an additional pre-incubation step with culture medium [35] . Biological variations of the bacterial growth in the components used for these inactivation experiments as well as the variability of the serial dilutions and plate assays contribute to the overall reproducibility of such investigations.
The first report of the potential of the final amotosalen-UVA procedure following the initial publication of the proofof-principle [36] for the photochemical treatment of platelet concentrates to reduce pathogens [37] provides an example of these biological variations. The titres of Klebsiella pneumoniae observed for two platelet concentrates before treatment were comparable with or 10 -2.5 , respectively. The data clearly indicate that even at the therapeutic UVA dose of 3.0 J/cm 2 some variability in the titres is to be expected.
The variability of these findings for K. pneumoniae differs from the consistency of the results for the photochemical treatment of Staphylococcus epidermidis in the same study [37] . An UVA dose as low as 0.5 J/cm 2 did suffice for this bacteria strain to reduce the pre-treatment titre of 10 4.1 0.6 CFU/ml to levels of < 10 -0.1 CFU/ml, i.e., below the limit of detection. The reproducible log reduction of at least 4.2 for all four UVA doses from 0.5 to 3 J/cm 2 together with additional findings [38] could indicate that Gram-positive bacteria are more susceptible to this photochemical treatment than Gram-negative bacteria. The authors suggested that the lipopolysaccharide surface of the outer membrane of Gram-negative bacteria can impair the penetration of amotosalen into these microbes. This finding of a relative higher resistance of a Gram-negative species to photochemical treatment has been confirmed and exploited in a more recent study [39] . The log the log reduction of the pathogen load have been established as a valid tool for the evaluation of the viral inactivation. The ability of bacteria to multiply during component storage introduces the need for additional experimental settings ( fig. 2 ) for assessing the effectiveness of pathogen reduction procedures to prevent the transmission of bacterial infections.
An additional layer of complexity is introduced by the basic properties of bacteria groups (aerobic vs. anaerobic, Gram-positive vs. Gram-negative, etc.) including the ability of some bacteria to form spores. With these biological differences in mind, we want to address methodological requirements for a meaningful evaluation of pathogen reduction procedures with respect to bacteria.
Measurement of Log Reduction of Bacteria in Blood Components
Assays for determination of the reduction of the virus load are instrumental in assessing the virus elimination effectiveness. The virus reduction is usually measured as a function of the intensity of the treatment. This standard approach is often termed 'virus inactivation kinetics'. It has been utilised for bacteria inactivation experiments. The most common parameter to express the findings of these experiments is the ratio of the bacterial titres observed before treatment to the values immediately after treatment as reduction in log units ( fig. 2) . pathogen reduction of components loaded with comparably low but realistic numbers of bacteria ( fig. 2 ) offers an alternative to the log reduction assays to address these issues.
Sterility Testing of Blood Products Contaminated with a Low Bacteria Load
The maximum of the efficacy for pathogen reduction to be observed in log reduction assays for bacteria is limited by the range between the bacterial titres achievable in the pre-treatment sample and the limit of detection for bacterial titres in the post-treatment sample. Thus experiments resulting in bacteria titres in the post-treatment samples below the detection limit have often been complemented by sterility testing of the blood component after treatment by drawing samples at the end of the storage period ( fig. 2) . Most log reduction experiments were repeated with a relatively small number of biological samples of usually of 4 or less. A meaningful analysis of sterility testing may require, however, observations of at least 6 independent biological samples due to the substantial variability associated with the detection of low numbers of bacteria.
In response to these limitations, experimental designs have been introduced as an alternative to the standard 'inactivation kinetics' approach. Their common aim is to check to which extent a pathogen reduction method is able to eliminate the risk that bacteria survive the treatment and multiply to meaningful levels during the storage period. Instead of seeding a very high number of bacteria, a relatively low number of bacteria is added to the blood component. After the pathogen reduction procedure has been completed, the blood component is stored under standard conditions until the shelf life of the product expires. Its sterility is then tested after this longest potential period for growth of bacteria surviving the pathogen reduction procedure.
The distribution of levels of bacteria to be expected in the blood from donors screened for whole blood or component donations is difficult to assess. In addition the specific composition of these preparations, e.g. the presence of leucoytes and the holding times [50] , may further modify the initial load of bacteria in a blood component. Independent considerations of various authors [14, 34, 48] suggest that numbers as low as 10-100 CFU/component may represent a realistic upper level of bacteria to be expected for endogenously (i.e. donor) contaminated blood preparations.
Experiments following such a design principle were first published for the amotosalen-UVA procedure [51] . Two platelet concentrates prepared from a pool of 5 buffy coats were pooled. The pooled preparation was then spiked with bacteria of 5 Gram-positive and 3 Gram-negative strains (titres: 4-3,900 CFU/ml). The pooled platelet concentrates were then split into two single concentrates. One platelet product was treated with amotosalen (150 mol/l) and UVA reduction of K. pneumoniae by the amotosalen-UVA treatment was linearly correlated (r 2 = 0.845) with amotosalen photodegradation products quantified by HPLC and UV detection at 300 nm. The higher resistance could be of clinical relevance as recipients treated with blood components contaminated with Gram-negative bacteria are at a higher risk of death compared to those receiving products containing Grampositive bacteria (odds ratio 7.5; p < 0.01) [20] . Table 1 summarizes the log reductions of a larger number of bacteria species observed for three different pathogen reduction procedures developed for platelet concentrates. In the study reported for UVA treatment (320-400 nm; 3 J/cm 2 ) in the presence of amotosalen (150 mol/l) the bacteria, with the exception of Bacillus cereus, were isolates from septic patients [38] . The platelet concentrates were collected by singledonor apheresis and the platelets were suspended in the final product in 35% plasma and 65% additive solution.
The second procedure [40] [41] [42] was also based on the treatment of single-donor apheresis platelets. Riboflavin was added to achieve a final concentration of 50 mol/l in a platelet suspension with 90% residual plasma. This product was illuminated with UV light (265-370 nm; 6.2 J/ml) for about 9 min. The bacteria were preferentially samples from the American Type Culture Collection.
The third set of pathogen reduction experiments [43] [44] was run with platelet concentrates prepared with the buffy coat procedure. Platelets suspended in additive solution and approximately 30% residual plasma were irradiated with UVC (254 nm wavelength) without addition of a photoactive agent and vigorously agitated. The bacteria investigated in these experiments were mainly bacterial standards of the Paul-Ehrlich Institute (Langen, Germany) thoroughly evaluated in platelet concentrates.
Comparable bacteria log reductions have been reported for pathogen reduction procedures developed for red blood cell concentrates [45] [46] [47] . This summary table already suggests that the value of log reduction assays may be somewhat limited for bacteria in contrast to viruses. The initial seeding number of bacteria does at least in some settings allow only for maximal reductions to be measured in the range of 4 log steps. Log reduction activities observed from virus load reduction experiments can be related to the minimal virus dose required for an infective transmission. Log reduction findings from studies with bacteria and especially with rapidly multiplying bacteria, however, are much more difficult to extrapolate to clinical settings. Even if a single or very few bacteria survive the pathogen reduction procedure, the risk remains that these few microbes can grow to clinically significant numbers during the storage of the blood product following the pathogen reduction procedure [48] [49] . This issue also illustrates the critical importance of the time windows to be specified for the application of the pathogen reduction procedure and the ensuing storage of the blood product. Sterility testing of the stored products after All samples drawn from the duplicate platelet concentrates treated with amotosalen and UVA following overnight storage were negative in the BacT/ALERT testing. The claim of consistent sterility of the products treated with the pathogen reduction procedure based on observations of only 3 platelet concentrates per bacteria needs to be confirmed for a higher number of inoculated platelet concentrates.
In a similar experimental setting, Goodrich et al. [34] compared the bacteria reduction of the riboflavin-UV procedure with the sensitivity of BacT/ALERT testing in platelet concentrates inoculated with low levels of bacteria (20-100 CFU/product). Double-dose apheresis platelet concentrates (>480 ml) were split into a 275 ml portion for bacterial screening and a 185 ml portion for the riboflavin-UV treatment. Both portions were then inoculated with the same dose of bacteria (target of 10-100 CFU/product). The 185-ml portion was then on hold for 2 h before the pathogen reduction procedure was performed. After storage of this portion for 7 days on a platelet incubator at 22 °C, samples (4 ml/test) were taken for BacT/ALERT testing (for up to 168 h) in an aerobic and an anaerobic bottle.
The untreated portion (275 ml) was also stored and samples were drawn following the timing of the PASSPORT protocol [53] . Ten individual samples (8 ml each) were drawn after storage for 24 h. One additional sample was taken for aerobic and anaerobic BacT/ALERT testing from the residual platelet concentrate (≈195 ml) after total storage for 7 days.
The authors evaluated in a total of 29 separate spiking experiments 20 different bacteria strains. Propionibacterium acnes, despite the highest inoculum of 600 CFU per platelet concentrate, failed to multiply during the storage for 7 days. The samples taken from the product inoculated with this organism and stored for 7 days became BacT/ALERT-positive after 107 ± 46 h. All other bacteria multiplied in the platelet concentrates to high titres of at least 0.4 10 6 CFU/ml even for an initial inoculum of less than 10 CFU per platelet preparation. It should be pointed out that the bacterial strainsin contrast to the amotosalen-UVA study [38] summarised in table 2 -had been characterised prior to the study regarding their ability to multiply in platelet concentrates.
The authors of the study reported their findings as relative effectiveness, i.e., the % portion of BacT/ALERT tests detecting bacteria or of the riboflavin-UV procedure leading to reduction of bacteria in day-7 samples below the detection (3 J/cm 2 ), and the other portion served as the control. Samples (4 ml) for BacT/ALERT testing (up to 120 h) were drawn on days 1, 5 and 7. Bacterial growth was detected in all the controls without photochemical treatment with the single exception of no detectable bacteria in the day-1 sample of the platelet concentrate inoculated with 80 CFU/ml of Staphylococcus epidermidis. The time from the start of the BacT/ALERT culture to a positive signal varied on day-1 samples between 4.3 h and 100 h, on day-5 samples between 3.0 h and 37 h, and on day-7 samples between 2.7 h and 12.5 h for the controls. The samples taken from photochemically treated platelet concentrates were BacT/ALERT-negative with the exception of the concentrate inoculated with 12 CFU/ml B. cereus which yielded a positive signal in the BacT/ALERT system in all 3 follow-up samples: within 4.5 h (day-1 sample), 3.3 h (day-5 sample) and 3.2 h (day-7 sample) after starting the BacT/ ALERT testing. The other platelet concentrate also spiked with B. cereus (180 CFU/ml) was negative in all samples for the BacT/ALERT testing.The negative findings for the platelet concentrate contaminated with the lower count of B. cereus indicates that the photochemical treatment with amotosalen does not inactivate spores.
The reduction of bacteria by the amotosalen-UVA procedure has also been investigated for apheresis platelet concentrates in a modified experimental setting [52] . Double-dose platelet concentrates (6 10 11 platelets) were prepared. Seven different bacteria (5 Gram-positives) were seeded in initial counts of 1-10, 10-100 and 100-1,000 CFU/concentrate. Each of these 21 double concentrates was split into 2 identical portions. One portion was photochemically treated after addition of amotosalen following an overnight incubation for bacterial growth (precise information about the duration of this incubation period were not reported). The other portion served as the control. Two samples (approximately 5 ml each) were drawn from these preparations at 24 ± 2 h (day 1), 48 ± 2 h (day 2) and 120 ± 2 h (day 5) after inoculation with the bacteria, and BacT/ALERT testing in aerobic and anaerobic bottles followed for 120 h.
In the control platelet concentrates without the photochemical treatment at the lowest contamination level (1-10 CFU), only Staphyloccocus aureus showed positive BacT/ ALERT testing results from the day-1 sample. All other day-1 samples remained BacT/ALERT-negative. The results in samples collected on days 1, 2, and 5 from concentrates with 3 different contamination levels are summarised in [51] (n = 12/bacteria species). An additional set of 12 platelet concentrates spiked with a target level of 10 CFU/ml was added if sterility was not observed for all 12 preparations of a bacteria species at the end of 6-day storage. The UVC irradiation followed the spiking, and the platelet concentrates were stored on a platelet incubator at 22 ± 2 °C for 144 h. BacT/ ALERT testing aerobic and anaerobic bottles was performed with 10 ml samples for each bottle. Eight different bacteria (4 Gram-positives) including the spore-forming B cereus were investigated with this experimental design. All bacteria with 2 exceptions were strains provided and characterised in detail by the Paul-Ehrlich Institute.
UVC intensities of 0.25 J/cm 2 , the intended standard dose of 0.3 J/cm 2 , or 0.4 J/cm 2 were applied. All 96 platelet concentrates spiked with approximately 100 CFU/ml and treated with the standard dose of 0.3 J/cm 2 UVC were sterile after 6 days of storage. The UVC dose of 0.25 J/cm 2 resulted in 4 non-sterile products at day 6 among the 96 platelet concentrates. Two preparations contaminated with S. aureus were positive in the BacT/ALERT test of their day-6 samples. Reducing the load to 10 CFU/ml resulted in sterility of all 12 preparations. The two other non-sterile platelet concentrates identified at day 6 of storage were spiked with B. cereus. This failure was also observed in 2/12 preparations contaminated with 10 CFU/ml. A failure to achieve sterility (in 1/12) was observed for this species even with the UVC dose of 0.4 J/cm 2 . This indicates that spore formation [56] allows the bacteria to escape the pathogen reduction as also reported for the amotosalen-UVA procedure [51] .
In summary, the observations in the models of sterility testing at the end of storage complement the observations from the elimination kinetic studies for bacteria. While these models may better represent the real life, the results do depend on various experimental details. Therefore, the findings from these different spiking studies need to be confirmed in the clinical setting. Besides factors including spiking dose, timing of both the pathogen reduction procedure and the sampling for bacterial detection as well as sample numbers and sample volume [57] for bacterial detection, the growth profile of the bacteria strains may be of high relevance for the validity of the specific model. Therefore a meaningful comparison of different procedures for pathogen reduction as well as the optimisation of these procedures should strongly benefit from bacteria standards.
Need for Transfusion-Relevant Bacteria Standards
Bacteria are usually maintained and propagated in optimised culture media. Bacteria from strains available from culture and tissue banks or as reference material do not necessarily grow reliably in blood components since they are selected following other purposes (e.g. for clinical microbiology, food limit of BacT/ALERT. In addition, they calculated an overall effectiveness (in %) by multiplying the value observed for the relative effectiveness with the frequency of occurrence of the specific organism observed in the 3 haemovigilance studies: BACON, BacTHEM [54] and SHOT [55] . The database from these 3 studies included 60 reports. One third of all reports was associated with S. epidermidis. Escherichia coli, B. cereus, and S. aureus together contributed 21 additional cases. Thus, the four most frequent bacteria in these 3 studies accounted for at least two thirds of the reported cases. The authors also considered the initial bacterial contamination level for their direct comparison between the BacT/ALERT screening and the pathogen reduction procedure.
The overall effectiveness for bacterial screening (positive BacT/ALERT test within 24 h in the samples collected 24 h post preparation) was 66% for experiments with an initial contamination of less than 20 CFU per platelet concentrate. The overall effectiveness even declined to only 60% if the bacterial screening data were limited to the findings in aerobic culture bottles only. It increased to 91% for platelet concentrates with an initial bacterial load of 20-100 CFU. The riboflavin-UV pathogen reduction procedure demonstrated a 98% and a 91% overall effectiveness for the platelet concentrates spiked with an inoculum of <20 CFU and 20-100 CFU per platelet concentrate, respectively. These data from spiking experiments suggest that bacterial screening is less efficient than the riboflavin-UV procedure when the initial load of bacteria is very low (<20 CFU per platelet concentrate). The effectiveness of bacterial screening for early sampling (i.e., 24 h or less post preparation) observed in large clinical studies appears to vary from approximately 50 to 75%. This similarity of the screening data in the clinical setting with the findings from spiking experiments could indicate that spiking experiments with very low inoculation titres (10-20 CFU) represent the clinically relevant contamination levels. The estimate of 98% effectiveness of the riboflavin-UV procedure remains to be confirmed by results following the introduction of the pathogen reduction procedure into the routine preparation of platelet concentrates.
The method utilized for direct comparison of pathogen reduction and bacterial screening has still to be validated also from a biological perspective. The absolute number of bacteria for the initial inoculum is identical for the bacterial screening portion of the platelet concentrate with a total volume of 275 ml and the 185 ml aliquot for the pathogen reduction arm of the study. This means that the bacteria number per ml is at least 30% lower for the screening arm than for the other arm.
The UVC method for pathogen reduction of platelet concentrates was also evaluated in the model of sterilisation of platelet concentrates contaminated with low levels of bacteria [43] [44] . Platelet concentrates (≈ 3.5 10 11 platelets; ≈ 350 ml) were prepared by pooling of five buffy coats from whole blood donations. These preparations were spiked with bacteria to a final concentration of approximately 100 CFU/ml 7 CFU/ml for E. coli. The study [58] was initiated as a pilot experiment (proof of principle) with the aim to demonstrate i) the quality, stability, and suitability of the bacterial strains for low-titre spiking of blood components, ii) the property of proliferation in platelet concentrates obtained from donors in different regions of the world, and iii) their suitability for and the logistics of worldwide shipping of deep frozen, blinded pathogenic bacteria. These aims were successfully fulfilled. Currently, a study is preparation in order to enlarge the panel to 10 or more suitable bacterial strains.
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or water microbiology etc.). During the past 10 years, a reference panel of transfusion-relevant bacterial strains has been systematically developed [58] . The members of this reference panel have been demonstrated to multiply reproducibly in platelet concentrates from more than 100 individual donors even when seeded with very low initial count (around 10 bacterial cells per platelet bag corresponding to 0.03 CFU/ml). The results of the international validation study [58] were submitted to the WHO Expert Committee for Biological Standardization (ECBS). In October 2010, the panel has been established as WHO Repository Transfusion-Relevant Bacterial Reference Strains at the Paul Ehrlich Institute, Federal Institute for Vaccines and Biological Medicines, Langen, Germany. These bacterial standards are prepared and distributed as deep frozen suspensions by the Paul-Ehrlich Institute. They are shippable on dry ice and ready to use after thawing.
The international study was organized by the Working Party Transfusion Transmitted Infectious Disease (WP-TTID), Subgroup on Bacteria, of the International Society of Blood Transfusion (ISBT) for evaluation of these bacterial standards. 13 laboratories in 10 countries provided their results from the identification and enumeration and, additionally, from proliferation ability in platelet concentrates of blinded samples provided by the study coordination [58] .
